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Abstract  

A tempera ture  measuring technique utilizing a Fourier Transform Inf rared  
spectrometer (FT-IR) i s  reviewed and tested by applying i t  t o  a na tura l  
gas/air f lame and to a hot gas  ( a i r )  stream. The numerous problems 
encountered in using this technique a r e  elucidated. Preliminary tempera ture  
measurement results based upon the intensity of the  absorption spectrum of 
the  v band of carbon dioxide i s  encouraging when compared t o  the s tandard  

thermocouple readings. Temperature measurements at d i f fe ren t  locations in a 
flame indicate t h a t  accurate temperature values can be obtained if there  i s  
sufficiently large amount of carbon dioxide present compared to the  
background carbon dioxide concentration. 

Introduction 

The problems in measuring t h e  temperature and composition of hot, luminous, 
and particle-laden flows (Le. inside coal combustors) have received 
increasing attention lately (Ottesen and Thorne, 1983). Particle tempera ture  
can often be measured by t w o  color pyrometry. Gas phase information, however, 
i s  difficult  to  obtain in these dirty environments. FT-IR spectroscopy is a 
non-intrusive, in  s i tu  optical technique which can determine g a s  phase 
composition and temperature (Thorne and Ottesen, 1983). This technique does 
not per turb  the chemical or flow characterist ics of the combustion processes. 
Furthermore,  the  large spectral  region sampled using FT-IR spectrometers 

2’ 
permits quantitative determination of low molecular weight gases (CO. CO 

H 0. e tc . )  and hydrocarbons, a s  well as qualitative determination of heavier 

hydrocarbons. The tempera ture  of the absorbing species can  be determined if 
the  individual vibration-rotation transit ions of carbon dioxide, carbon 
monoxide, or low molecular weight hydrocarbons can be resolved. The aim of 
th i s  study was t o  f u r t h e r  the  development of a procedure f o r  measuring the  
tempera ture  of hot combustion products based upon the individual 
vibration-rotation transit ions of carbon dioxide. This paper repor t s  on t h e  
preliminary results obtained from measurements in a na tura l  gas/air  laminar 
flame. Quantitative information such a s  temperature and concentration can be  
obtained f r o m  the  observed absorption intensities. Ottesen and Thorne [I9851 
indicated t h a t  the  characterist ics of CO and C02 vibrational and rotational 

energy spec t ra  a r e  t h e  most suitable f o r  temperature measurements. They have 
mostly used CO spec t ra  f o r  this purpose. However f o r  coal combustion, CO i s  
usually a n  unstable reactive compound and may not be readily present f o r  
detection. Carbon dioxide will always be  present in sufficient concentrations 
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in any coal combustion system. Therefore. a procedure has been developed t o  
calculate t he  tempera ture  of a natural  g a d a i r  diffusion flame based upon the 
u band of CO absorption spectrum of the combustion products. 

The f lame tempera ture  i s  obtained by resolving the  vibrational-rotational 
transit ions of CO as pointed out by Herzberg (19391 

I 8, 

I = c (J + J + 1) EXP[-E(J )/(kT)I (1) 

where I = t rans i t ion  intensity,  c = a constant dependent on the vibrational 

transit ion,  J , J = principal rotational quantum numbers f o r  the upper and 

lower states respectively, E(J ) = energy of the  lower s ta te ,  k = Boitzmann's 
constant and T = absolute temperature.  Equation 11) can  be rear ranged  a s  

, ,, 

' I  
Assuming t h a t  the  peak absorbance , H, of each transit ion is proportional t o  

i t s  transit ion intensity,  a plot of In[H/(J +J +I11 Vs. E(J 1 should give a 
s t ra ight  line with a slope equal t o  -1AkT) according to  (2). The rotational 
temperature,  T. can then  be obtained by calculating this slope The energy 
levels of t he  lower s t a t e ,  E(J). of the  u3 band of C02 (i.e. OOol-OOoO) were 

tabulated by Air Force Geophysical Laboratory (AFGL) and a r e  available upon 
request, Rothman 119891. 

Exverimental Setuv and Procedure 

The experimental  appara tus  consisted of four  major components: t h e  FT-IR 
spectrometer,  t r ans fe r  optics, the  flame source, and an inf ra red  detector.  
The FT-IR spec t rometer  was manufactured by Mattson Instruments, Inc. An 
Infrared beam was produced f rom the  output of the interferometer and sen t  
across the  sample t o  a n  MCT in f ra red  detector via t r ans fe r  optics. 
Irmper-arure measuremenrs were  faKen in a flame and In a hot g a s  stream. The 
flame was c rea ted  by burning natural  g a s  with a i r  in a bunsen burner, Figure 
1. The hot gas s t r e a m  was produced by heating t h e  air  inside a ceramic 
reactor,  Figure 2. The  high velocity j e t  emanating from the  1/8 inch ID 
nozzle f i t t ed  t o  the  end of the  reac tor  consti tuted the measuring section. 
The inf ra red  beam t ravers ing  the  flame or the  hot j e t  measured the  absorption 
spec t ra  of carbon dioxide. Temperature measurements were  based upon 100 scans 

at a resolution of 0.125 cm-' of the background and the  sample 1i.e. f lame).  
More de ta i l s  of t he  governing equations and procedure can be found in Celik 
et al. (19901. 

Results and Discussion 

Temperature measurements were  taken at three  d i f fe ren t  locations of (11 in 
t he  diffusion flame, Figure 1, (2) in the  premixed flame, Figure 1, and (3) 
t w o  inches away f r o m  t h e  ex i t  of a j e t  discharging hot a i r ,  Figure 2. 
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Location (11 

Figure 3 il lustrates the  absorption spectrum of the combustion gases in the  
outer cone of a natural  g a d a i r  flame, location (1). The various combustion 
species are evident based upon their  absorption frequencies. Figure 4 shows 
the  absorption spectrum of t h e  u R-branch band of CO . The f lame tempera ture  

i s  calculated bqsed p p o n  t h e  intensity of each line, H. in this region. A 
plot of In [ H A J  + J + 111 Vs. E ( j  should yield a s t ra ight  line whose slope 
i s  equal to  -l/(kT) according to equation (2). This plot i s  shown in Figure 
5. Since t h e  slope of the  s t ra ight  line in Figure 5 i s  equal t o  -9.982E-04 , 
the  f lame temperature at the  point of measurement should be 1441.37 K. A 
thermocouple reading of 1394.11 K was  obtained at t h e  same point in flame. 
The difference between t h e  thermocouple reading and t h e  FT-IR measured value 
can be a t t r ibu ted  t o  the  interference of t h e  carbon dioxide absorption 
spectrum of flame by the  amount of carbon dioxide already existing in t h e  
room (Le. background). This i s  evident from comparison of Figures 6 and 7 
which are the  absorption spectrum of carbon dioxide at the point of 
measurement with and without the  flame. The difference between these two 
distributions i s  the  population distribution of carbon dioxide in the f lame 
a t  t h e  point of measurement. The la rger  this difference,  the less 
interference exists. Since there  is a significant population of t h e  v 

vibration in the flame a t  th i s  point compared t o  t h e  population a t  room 
temperature,  the temperature measured via FT-IR i s  close t o  the  thermocouple 
measured value. 

Location (2) 

Temperature measurements based upon the  u band of CO absorption spectrum in 

the  inner cone of the  flame, approximately 10 mm above the  sur face  of the  
burner Figure 8, resulted in erroneous values, location (2). The slope of the  
s t ra ight  line in Figure 9 was  -1.209E-03, t h a t  resulted in a tempera ture  of 
1190' K. A thermocouple reading of 589 K was obtained a t  the same point in 
the  flame. This discrepancy is possibly due t o  the nonlinear distribution of 
carbon dioxide in the  inner cone of the flame. Figures 10 and I I  i l lus t ra te  ' 
the  vg population distribution of carbon dioxide a t  the  point of measurement 

with and without t h e  flame. A comparison of the  difference between u3 band of 

CO in Figures 10 and 11 with Figures 6 and 7, location ( l ) ,  indicates a 

smaller distribution in location (21 compared t o  location (1); i.e. at the  
wavenumber of 2400.09, th i s  difference i s  about 12.57 f o r  location (1) and i t  
i s  about 6.19 f o r  location (2). This seems t o  indicate t h a t  f o r  location (2) 
there  w a s  more interference f rom the existing amount of carbon dioxide in the  
room, causing much less accurate temperature readings. 

Location ( 3 )  

Attempts were  made t o  measure the temperature of hot gases  in a heated a i r  
j e t  with a n  exit  velocity of approximately 50 m/s, location 13). Figure 12 
i l lustrates t h e  absorption spectrum of carbon dioxide a t  2 inches away f rom 
the  ex i t  of the  je t .  Carbon dioxide f r e e  a i r  was purged through optical 
access holes on both sides of the  jet in order  t o  minimize the  pollution of 
t h e  j e t  by a n  external carbon dioxide source. The thermocouple reading was  
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560 F f o r  t h i s  location. However the  u3 band of carbon dioxide absorption 

spectrum was  not sufficiently resolved t o  yield any temperature  information. 
The background and t h e  sample population distributions of t he  ug band of 

carbon dioxide were  virtually identical. This meant t h a t  t he re  was a 
significant amount of interference from t h e  carbon dioxide in the room, 
resulting in wrong temperature  values. 

Conclusions 

A technique f o r  measuring temperature  using W-IR spectroscopy based upon the  
Y band of CO absorpt ion spectrum was evaluated in a flame and in  a heated 

a i r  jet. Since t h e  intensity of the absorption spectrum of the  u band of 

carbon dioxide w a s  t h e  basis f o r  measuring the  temperature ,  any interference 
of the in f r a red  beam by an outside source ( in  th i s  ca se  background) seems t o  
cause erroneous resul ts .  In the  high temperature  region of t h e  diffusion 
flame, t he re  was suff ic ient  population distribution of COz resulting in an 

accurate temperature  measurement. However, since t h e  population distribution 
of the u i n  t he  premixed f lame region and the  hot a i r  s t r eam was 

comparable t o  tha t  of t h e  background, inaccurate r e su l t s  were obtained. 
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